A stage-specific surface antigen of Theileria parva, p67, is the basis for the development of an anti-sporozoite vaccine for the control of East Coast fever (ECF) in cattle. By Pepscan analysis with a series of overlapping synthetic p67 peptides, the antigen was shown to contain five distinct linear peptide sequences recognized by sporozoite-neutralizing murine monoclonal antibodies. Three epitopes were located between amino acid positions 105 to 229 and two were located between positions 617 to 639 on p67. Bovine antibodies to a synthetic peptide containing one of these epitopes neutralized sporozoites, validating this approach for defining immune responses that are likely to contribute to immunity. Comparison of the peptide specificity of antibodies from cattle inoculated with recombinant p67 that were immune or susceptible to ECF did not reveal statistically significant differences between the two groups. In general, antipeptide antibody levels in the susceptible animals were lower than in the immune group and neither group developed high responses to all sporozoiteneutralizing epitopes. The bovine antibody response to recombinant p67 was restricted to the N-and Cterminal regions of p67, and there was no activity against the central portion between positions 313 and 583. So far, p67 sequence polymorphisms have been identified only in buffalo-derived T. parva parasites, but the consequence of these for vaccine development remains to be defined. The data indicate that optimizations of the current vaccination protocol against ECF should include boosting of relevant antibody responses to neutralizing epitopes on p67.
In the early part of this century, East Coast fever (ECF) was identified as a tick-transmitted disease of cattle in South Africa and was associated with cattle imported from East Africa in an effort to repopulate livestock that had been devastated by rinderpest (reviewed by Norval et al. [20] ). The disease, endemic in much of eastern, central, and southern Africa, is caused by an intracellular protozoan parasite called Theileria parva and is transmitted primarily by the ixodid tick Rhipicephalus appendiculatus. The epidemiology of theileriosis is complicated by the presence of polymorphic traits between T. parva isolates and stocks associated primarily with different clinical symptoms and the presence of a wildlife reservoir in the Cape buffalo. In the past, subspecies status was given to T. parva (20, 25) , but parasite isolates are now referred to as either cattle or buffalo derived (1) to describe the mammalian host origin.
Immune responses to the infective sporozoite and pathogenic schizont stages of T. parva play a role in mediating immunity to ECF. Cattle immunized by infection with cryopreserved sporozoites and given a simultaneous treatment regimen with tetracycline (22) acquire immunity that appears to be dependent on cell-mediated immune responses, in particular CD8
ϩ schizont-specific cytotoxic T lymphocytes (reviewed by Morrison et al. [11] ). Vaccinated cattle are, however, often susceptible to heterologous sporozoite challenges, and antigenic diversity between parasite isolates is likely to contribute to vaccine failure (11) . There is no evidence for a role of antibodies against schizonts in mediating immunity (12) . On the other hand, multiple sporozoite exposure results in the development of antibodies that neutralize sporozoites in an in vitro assay (14, 15) . While the contribution of this response to immunity in the field is unknown, the observation has been exploited to develop an experimental antisporozoite vaccine based on a recombinant form of p67 (16), a stage-specific surface antigen that is the target of neutralizing antibodies.
We previously reported that recombinant p67 of a cattlederived parasite induces sporozoite-neutralizing antibodies and immunity to ECF in about 60 to 70% of vaccinated cattle (13) . Analysis of the gene encoding p67 from four cattle-derived parasites of different cross-immunity groups indicated that p67 is invariant in sequence, and in support of the prediction, p67-inoculated cattle showed similar levels of immunity against a homologous or heterologous challenge (18) . In contrast to cattle-derived parasites, the gene encoding p67 in a buffalo-derived parasite exhibited polymorphic sequences (18) . In an attempt to determine in vitro correlates with immunity in p67-vaccinated cattle, a number of immunological parameters were measured, including enzyme-linked immunosorbent assay (ELISA) and neutralizing-antibody titers, antibody isotype, and avidity, but none were predictive of immune status. Attempts to measure proliferative T-cell responses to both recombinant and sporozoite-derived p67 were unsuccessful (13) .
Here, we report on the sequence of p67 peptides recognized by murine monoclonal antibodies (MAbs) that neutralize sporozoite infectivity and we compare this data with the linear peptide specificity of antibodies from cattle inoculated with recombinant p67 that were immune or susceptible to ECF. We also report on an analysis of p67 gene sequences from three more buffalo-derived parasite isolates. This study is an early step in the attempt to define protein and antibody epitope DNA was subjected to 30 cycles of amplification with primers which overlap the 5Ј and 3Ј ends of the gene and the PCR product was subjected to direct sequence analysis with a series of internal primers by using the fmol cycle-sequencing kit (Promega, Madison, Wis.). The complete gene sequence from each sample was determined. The Hitachi DNASIS/PROSIS programs and PC/GENE (IntelliGenetics, Inc.) were used to analyze the p67 gene sequences.
Nucleotide sequence accession numbers. The accession numbers of the gene sequences described above are AF079175, AF079176, and AF079177.
RESULTS
Isolation of murine MAbs to recombinant cattle-derived p67. Murine MAbs raised to sporozoite antigens have been described previously (6, 14) . Three MAbs, TpM12, 23F, and 38.9, that immunoprecipitate sporozoite p67 have been well characterized. Only the first two of these neutralize sporozoite infectivity in vitro (15) .
To generate additional anti-p67 MAbs, we raised antibodies to recombinant p67 and identified those that neutralized sporozoite infectivity in vitro. Four MAbs, two of the immunoglobulin G1 (IgG1) subclass (AR12.6 and AR21.4) and two of the IgG2a subclass (AR19.6 and AR22.7), with significant sporozoite-neutralizing activity were isolated (Table 1 ). An example of the immunoblot reactivity of these MAbs with sporozoite p67 and recombinant p67 is shown for AR22.7 (Fig. 1) .
Epitope mapping with murine MAbs. Three MAbs raised to sporozoite p67 (TpM12, 23F, and 38.9) and four MAbs to recombinant p67 (AR series) were tested for reactivity with synthetic p67 peptides by the Pepscan method with an ELISA format. Ascitic fluid was initially used at a dilution of 1:1,000, but this gave low OD values, and we were advised by the manufacturer of the assay to use a dilution of 1:100. At this dilution, all MAbs except 23F, which did not bind any pin, bound to either a single pin or two neighboring pins (Table 1; some of the peptide sequence data has been reported previously [17] ). MAbs AR19.6 and AR21.4 identified the same peptides but are of different isotypes and exhibit different levels of reactivity with the pins in ELISA (data not shown). Data for MAb 1A7 is from a previous publication (10) .
Epitope mapping with bovine antibodies to recombinant p67. A Pepscan analysis was also carried out with sera from animals inoculated with recombinant NS1-p67, except that each serum sample was diluted 1:500. Cattle anti-p67 sera were from 31 animals inoculated with recombinant p67 in previous experiments and obtained prior to sporozoite challenge (13, 18) . The specificity of serum samples from 16 cattle that were immune to sporozoite challenge was tested individually and compared with that of samples from 15 cattle that were susceptible to challenge. Figure 2 shows the results of the analysis for the two groups; the mean serum reactivity with each pin for animals immune to ECF and those susceptible to challenge is given. To ensure the integrity of the pins, the reactivity of the peptide block was tested at periodic intervals against a cocktail of MAbs.
Antibody reactivity with pins was higher in sera from cattle that were immune to ECF than in sera from those that were susceptible, but there was a high degree of individual variation in responses (data not shown). There were only five areas of reactivity (OD of Ͼ0.1) of bovine anti-p67 antibodies with synthetic p67 peptides. These mapped to residues 25 to 39 (pin 5), 73 to 175 (pins 11 to 22), 281 to 296 (pins 37 and 38), 577 to 591 (pin 74), and 617 to 671 (pins 79 to 84). Analysis of variance of this data set indicated that there was no clear correlation between peptide specificity and immunity or susceptibility to ECF.
The bovine antibody responses to the p67 peptides identified by sporozoite-neutralizing MAbs were higher in the immune group than in the susceptible group (Fig. 2) . There was measurable antibody to all five neutralizing epitopes, but a mean serum response of Ͼ0.1 OD unit was found to only three, namely, pin 15 bound by AR12.6, pin 79 bound by AR19.6 and AR21.4, and pin 79/80 bound by 1A7. It is interesting that AR19.6 and AR21.4 also bind to pin 78, but there is a very poor response to this peptide.
Bovine antibody responses to synthetic p67 peptide. To determine the potential relevance of epitopes identified by sporozoite-neutralizing MAbs and the Pepscan analysis of bovine sera, we inoculated cattle with a synthetic peptide defined by one of the MAbs. Bovine antibodies to a peptide overlapping the epitope bound by MAb AR22.7 (pin 27/28) bound to both recombinant and sporozoite-derived p67 in immunoblots ( Fig.  1) and also neutralized sporozoite infectivity in vitro to greater than 90% (data not shown). This epitope was chosen over others since MAb AR22.7 is the best in terms of its properties, including efficiency of sporozoite neutralization, binding to whole sporozoites, and immunoprecipitation of native antigen (data not shown).
DNA sequence characterization of the gene encoding p67 of three buffalo-derived T. parva isolates. Genomic DNA from schizont-infected cell lines of parasite isolates 7013, KNP2, and Hlu3 was subjected to PCR, and in each case a single DNA fragment, about 2.2 kb in length, was amplified. This DNA was characterized by direct cycle sequence analysis, thereby overcoming problems associated with Taq DNA polymerase errors. In each of the three genes, the p67 open reading frame was disrupted by a 29-nucleotide sequence, which has been previously shown to be an intron (18, 19) .
Comparative analysis of predicted p67 protein sequences. The predicted number of amino acid residues encoded by the p67 open reading frame of KNP2, Hlu3, and 7013 is 709, 751, and 750, respectively. The previously reported cattle-type p67 and 7014 p67 proteins contain 709 (19) and 752 (18) residues, respectively. The calculated molecular mass of p67 varies from 75,367 to 79,374 Da. Each protein contains a predicted signal sequence at the N terminus and a hydrophobic C-terminal end. There are six, seven, and eight predicted N-linked glycosylation sites in p67 from Hlu3, KNP2, and 7013, respectively, and four of these are conserved in their location within the molecule; however, as in cattle-derived p67, each molecule contains a single cysteine residue. Allelic p67 sequence identities vary between 76 and 95%. Table 2 shows the peptide sequences of buffalo-derived parasite p67 corresponding to the sporozoiteneutralizing epitopes identified on cattle-type p67. 
DISCUSSION
Peptide epitopes bound by anti-p67 MAbs that neutralize T. parva sporozoite infectivity in vitro have been defined by Pepscan analysis. Together, five MAbs identify four epitopes, three located between residues 105 and 229 of p67 and one located between 617 and 623 ( Table 1 ), suggesting that these sequences are exposed on the sporozoite surface. Systematic replacement of residues within a linear peptide epitope has shown that the identity of a minimum of 3 amino acid residues has to be maintained for MAb binding (8) . Three MAbs, AR22.7, AR19.6, and AR21.4, reacted with two overlapping peptides; thus, the 7 amino acid residues in common are presumed to constitute part of the major recognition site for binding of the MAbs. AR12.6 and TpM12 bind to a single 15-mer peptide, and the relevant recognition site for MAb binding remains to be defined. The negative Pepscan data for MAb 23F suggests that this MAb binds to a discontinuous epitope. MAb 38.9 does not inhibit sporozoite infectivity, but it defines a p67 peptide sequence at residues 585 to 599.
Theileria annulata, the cause of bovine tropical theileriosis, contains a surface antigen called SPAG1 on sporozoites (26) . This protein exhibits 47% sequence identity (64% similarity) to p67 and is antigenically related to p67 (10) . One MAb, 1A7, raised to SPAG1, neutralizes both T. annulata and T. parva sporozoites and, by Pepscan analysis of p67, was found to bind to pins 79 and 80 (10) . Thus, this MAb defines a fifth neutralizing epitope on p67, with the sequence PSLVITD at positions 625 to 631. SPAG1 contains the sequence PSLVI, suggesting that this is the core sequence to which 1A7 binds (10) . MAbs AR22.7 and AR21.4 do not react with SPAG1 or inhibit T. annulata sporozoites (10); confirming this data, none of the peptide sequences defined by the neutralizing MAbs to p67 are found on SPAG1. However, a similar sequence (EEEVLKV LDELVKD) to that defined by MAb 38.9 (Table 1) is found in SPAG1 at positions 775 to 788. It will be of interest to determine the neutralization capacity of MAb 38.9 on T. annulata sporozoites and its immunoreactivity with SPAG1.
The p67 peptide sequences identified by the MAbs were used to search the nonredundant protein database. The sequence defined by TpM12 (TKEEVPPADLSDQVP) is intriguing, since part of the peptide sequence (underlined) showed a match to the N-terminal amino acid sequence of a 38-kDa protein from bovine serum (VPAADLSDQVPDTE-SETKILLQG), which associates with the membrane of in vitro-cultured Bordetella pertussis (2) and also to an internal portion of human complement C3 (QKEDIPPADLSDQVP) (5) . The 38-kDa protein is likely to be a processed product of bovine complement C3, probably C3dg, and we have recently found the N-terminal sequence of the 38-kDa protein within cDNA encoding bovine complement C3 (19a) . This sequence is just downstream from a potential factor I cleavage site identified for human C3 (5) and raises the question of the role of the similar sequence in p67. It is presumed that p67 interacts with molecules on host cells during the process of sporozoite entry. Protease inhibitors reduce the efficiency of sporozoite entry into host cells, suggesting a role for protein processing during entry (23) . Hence, the C3 like-sequence in p67 may be important in associating with components on the host cell and/or as a site of proteolytic cleavage during sporozoite entry.
To confirm that at least one of the epitopes recognized by the neutralizing murine MAbs is of relevance to the bovine antibody response to p67, two cattle were inoculated with a synthetic 15-mer peptide containing the common 7-amino-acid sequence identified by AR22.7. Antibodies from both animals were found to be positive in immunoblots of p67 as well as in sporozoite neutralization assays. Based on the epitope-mapping data, we expressed an 80-amino-acid portion of p67 (from residues 572 to 651) which incorporates the peptides defined by MAb AR19.6/21.4 and 1A7, and preliminary experiments indicate that bovine antisera to this p67 region neutralize sporozoite infectivity (data not shown). The combined data supports the validity of the Pepscan approach to defining peptide epitopes.
We were interested in assessing the peptide specificity of cattle antibodies to recombinant p67 to identify antigenic regions of p67 and to establish if there was a correlation between the peptide specificity of an antibody response and immunity to sporozoite challenge, since this would aid vaccine development and optimization. Previous analysis of anti-p67 ELISA and sporozoite neutralization antibody titers had failed to reveal significant differences between immune and susceptible animals (13) . As seen in Fig. 2 , the central region of p67, residues 313 to 583, appears to be nonantigenic as far as the presence of linear peptide epitopes is concerned. This correlates well with a previous calculation of antigenicity by the PlotStructure program in the Genetics Computer Group package, which predicted antigenic sites to be located in the N-and C-terminal region of p67 (10) . A remarkable observation in the Pepscan data is that in some cases bovine antisera do not exhibit specificity for overlapping peptide sequences (e.g., pin 11), thus behaving like some of the MAbs. Attempts to measure the anti-p67 peptide specificity by using serum from cattle hyperimmunized with sporozoite lysates or from cattle from the field with high ELISA titers to p67 were not successful due to the presence of a high background (data not shown). Thus, the specificity of cattle antibodies to sporozoite p67 remains to be defined.
Peptide-specific antibody responses in cattle inoculated with recombinant p67 that were susceptible to ECF were generally lower than in cattle that were immune to ECF (Fig. 2) . Bovine 
The amino acid sequence of buffalo-derived parasite p67 peptides corresponding to sporozoite-neutralizing epitopes is shown; a dash indicates identity to the cattle-type residue.
antibody responses to peptides bound by MAbs AR12.6 (pin 15), TpM12 (pin 23), and AR22.7 (pins 27/28) were observed, but the mean responses were not high for either group. MAbs AR19.6/21.4 bind to pins 78/79, while the bovine antibodies reacted with pins 79/80. It could be argued that the bovine antibodies do not react with the core epitope SERQPSL bound by the MAbs but react mainly with the peptide sequence PSLVITD, shared between pins 79 and 80. This core sequence is bound by the neutralizing MAb 1A7 (10) . Thus, the bovine anti-p67 response to pin 79 is likely to inhibit sporozoite infectivity, although it does not contain AR19.6 or AR21.4 specificity.
Analysis of variance of the bovine Pepscan data set indicated that the differences in antibody responses between immune and susceptible cattle were not statistically significant. It should be noted that the analysis we carried out was a singletime-point assessment at one antibody dilution, making it difficult to quantitatively compare data. A rigorous analysis, including affinity measurements, of the peptide specificity against a subset of the current peptides or peptides of different overlap and design may be more informative. It may also be instructive to examine serum samples after sporozoite challenge to determine if particular responses are enhanced by exposure to native p67. The Pepscan analysis does not measure responses to topographically folded epitopes, and, as shown by MAb 23F, these could contribute to immunity. Study of such parameters may yet reveal in vitro correlates between antibody responses and immunity to ECF.
We have previously reported that p67 sequence polymorphisms were detected only in a buffalo-derived parasite; cattlederived parasites appear to contain identical p67 genes (18) . Since buffalo are an important wildlife reservoir of the parasite, a knowledge of the extent of p67 amino acid sequence polymorphism is important for vaccine development because a variation in the epitopes involved in induction of the protective immune response or those that are targets of the protective immune response could contribute to vaccine failure. Data obtained with three buffalo parasites in this study and one analyzed previously reveal the presence of one or more amino acid substitutions in some of the epitopes identified by sporozoite-neutralizing MAbs (Table 2) . Whether these substitutions abrogate MAb recognition remains to be determined, but at least one epitope is absolutely conserved in sequence. The contribution of conformation-sensitive epitopes to sporozoite inhibition is unknown, but, given the degree of p67 sequence identity, it is likely that at least some will be maintained. A case in point is the epitope defined by MAb 23F, since it also inhibits T. annulata sporozoites (10), arguing for conservation of this conformation on the p67/SPAG1 family of molecules.
Our current immunization protocol with recombinant p67 is not optimized, and an average 70% of the animals exhibit immunity to challenge. The Pepscan data has indicated that the bovine antibody response to linear epitopes identified by sporozoite-inhibitory MAbs is generally poor. Thus, it may be possible to improve the efficacy of the experimental vaccine by focusing the antibody response to these epitopes by incorporating a boost with synthetic peptides rather than with whole recombinant p67. Alternatively, the protective capacity of a peptide-based vaccine could be tested. Antibody responses to epitopes such as the one bound by MAb 23F could be induced by use of peptide mimotopes (7, 24) . Currently, we are unable to comment on the role of cellular responses in immunity, but definition of T-cell epitopes is likely to gain importance when the protective capacity of peptide-based vaccines is investigated. In this context, it is interesting that the central region of p67, which does not appear to have linear B-cell epitopes, contains several Th-cell epitopes as judged by analysis of proliferative T-cell responses in cattle inoculated with sporozoitederived p67 (17) . In summary, our data suggest that antibody to any one of several epitopes of p67 inhibits sporozoite entry into host cells. Collective enhancement of the bovine immune response to these epitopes may be critical for vaccine success.
